A set of 165 strains of different staphylococcal species, 67 Staphylococcus aureus, 71 novobiocin-sensitive coagulase-negative staphylococci (CNS) and 27 novobiocin-resistant CNS was used. The oxacillin and methicillin MICs were recorded after 24 and 42 h of incubation at 35°C and at 30°C. Significantly higher MICs were recorded at 30°C compared with 35°C. While a poor discrimination between mecA -positive and mecA -negative strains was obtained with methicillin, the oxacillin MICs enabled identification of resistant strains under certain conditions. The distribution of MICs differed between the three groups of species. Separation of uninduced mecA -positive (>4.0 mg oxacillin/L) and mecA -negative (^2.0 mg oxacillin/L) strains of S. aureus was only achieved with the E test and after 42 h of incubation. Oxacillin-induction yielded higher MICs for mecA -positive strains of S. aureus, and a separation from mecA -negative strains was achieved with the E test after 24 h and with the broth microdilution method after 42 h. Separation of mecA -positive and mecA -negative strains of novobiocin-sensitive CNS required agar supplemented with 5% blood, incubation of MIC trays and E test for 42 h, and species-specific oxacillin MIC breakpoints (S<0.5mg/L and R^1.0mg/L). The mecA -positive and mecAnegative strains of novobiocin-resistant CNS were clearly separated after 24 h of incubation by either method.
Introduction
The mecA gene encoding for the unique penicillin-binding protein (PBP) 2' or 2a that is exclusively found in oxacillin-resistant staphylococci (Beck, Berger-Bachi & Kayser, 1986; Matsuhashi et al., 1986) , can be detected with DNA hybridisation (Archer & Pennell, 1990; Huang et al., 1993; Olsson-Liljequist et al., 1993; Predari, Ligozzi & Fontana, 1991; Skulnick et al., 1992) or polymerase chain reaction (PCR; Murakami et al., 1991; Petersson & Midrner, 1995; Predari, Ligozzi & Fontana, 1991; Tokue et al., 1992) . These techniques may be applied directly to clinical specimens (Ubukata et al., 1992) as well as to isolated bacterial cultures. However, when a large number of samples are analysed on a daily basis, the conventional methods (broth microdilution, agar dilution, and disc diffusion susceptibility testing) for the detection of oxacillin resistance in staphylococci are still the most straightforward and easy to use.
A new diffusion method for minimum inhibitory concentration (MIC) determination, the E test, has been available for some time (Brown & Brown, 1991) . This method is based on the diffusion into agar of a continuous gradient of an antimicrobial agent carried by a plastic strip. MICs are read at the intersection of the edge of the elliptical inhibitory zone and the MIC scale on the strip. The method has been evaluated in several reports covering a large variety of bacterial species, including staphylococci (Huang et al., 1993) . However, the reliability of the E test for the detection of mecA -related resistance in different species of staphylococci has not been studied extensively. Only two reports have included staphylococcal strains analysed for the mecA gene by DNA hybridisation (Huang et al., 1993; Olsson-Liljequist et al., 1993) . One of these reports separated coagulase-positive and coagulase-negative strains into different groups of species (Olsson-Liljequist et al., 1993) .
The aim of the present study was to evaluate the ability of the E test and the broth microdilution method to reflect mecA -related oxacillin resistance in different species of staphylococci. Strains representing Staphylococcus aureus, novobiocinsensitive coagulase-negative staphylococci (CNS) and novobiocin-resistant CNS were included. The strains were previously analysed for the presence of the mecA gene using a mecA -specific application of the PCR method (Petersson & Miorner, 1995) . The presence of the mecA gene was taken as evidence of oxacillin resistance.
Materials and methods

Bacterial strains
A total of 165 clinical isolates, comprising 67 strains of S. aureus, 71 strains of novobiocin-sensitive CNS and 27 strains of novobiocin-resistant CNS, were used in this study (Table I ). The strains have been described previously (Petersson & Miorner, 1995) . S. aureus ATCC 29213, oxacillin MIC 0.12-0.5 mg/L and methicillin MIC 0.5-2.0 mg/L, was used as control strain. 
Broth microdilution
Stock solutions of oxacillin (Sigma Chemical Co., St. Louis, MO., USA) and methicillin (Astra, Sodertalje, Sweden) were diluted in tryptic soy broth (TSB) to a concentration of 128 mg/L, from which further dilutions in TSB were made by two-fold dilution steps. Final concentrations ranged from 0.06 to 64 mg/L. Overnight bacterial cultures on blood agar plates were used directly for inoculum preparation yielding a final density of approximately 5 x 10 5 cfu/mL. MIC-values were recorded after 24 h and 42 h of incubation at 35°C and 30°C, and were defined as the lowest concentration of drug that yielded no visible growth. MICs were initially also recorded after 18 h but were discontinued because of poor discrimination between mecA -positive and mecA -negative strains.
Twelve selected strains of S. aureus (six mecA -positive and six mecA -negative) were induced for five consecutive days using oxacillin discs placed in the primary streak. Each day a loop was swept through the growth of full size colonies approximately 4-5 mm from the oxacillin zone or disc edge. The cultured bacteria were transferred to a new blood agar plate and incubated at 37°C.
E test
An inoculum corresponding to the 0.5 McFarland standard was prepared in saline from strains grown overnight on blood-agar. The strains were inoculated onto PDM agar-plates (AB Biodisk) using the cotton swab method. E test strips containing oxacillin and methicillin were applied according to the manufacturer's instructions (AB Biodisk). MICs of each strain were recorded after 24 and 42 h of incubation at 30°C. Preliminary tests also included incubation at 35°C. In addition all novobiocin-sensitive CNS, fifteen strains of S. aureus and nine strains of novobiocin-resistant CNS were tested using PDM agar-plates supplemented with 5% defibrinated horse blood. Plates were examined for minute and single colonies within inhibition zones. The twelve selected strains, induced as described above, were also analysed using the E test.
Statistical analysis
Statistical analysis was performed using the Wilcoxon signed rank test (Lehmann, 1985) . The E test results were adjusted to the corresponding two-fold dilutions of the broth microdilution method.
Results
Methicillin
There was poor discrimination between mecA -positive and mecA -negative strains, with the exception of those CNS strains which were novobiocin-resistant ( Figure 1 ). Thus, methicillin was not considered further. 
Oxacillin
The broth microdilution method: effect of temperature. The correlation between the oxacillin MICs obtained after incubation at 30°C and 35°C is shown in Table II . Incubation at 30°C yielded significantly higher MICs (P < 0.05) compared with 35°C with the exception of novobiocin-sensitive CNS at 24 h. Of the 21 results at 24 h and 17 at 42 h that differed by ^2 log^ dilutions, 20 and 15, respectively, were recorded for mecA -positive strains. MICs two log 2 dilutions higher at 35°C than at 30°C were only recorded for CNS strains. Only results obtained at 30°C are reported hereafter.
Distribution of MICs
The three groups of staphylococci showed clearly different distributions of oxacillin MICs (Figure 2 ). The MICs recorded for six of the 26 mecA -positive strains of 5. aureus were overlapping or close to the MICs recorded for the mecA -negative strains (0.5-2.0 mg/L). Incubation of the S. aureus strains for 42 h did not improve the separation of the mecA -positive from the mecA -negative strains (Figure 2(b) ). The MICs obtained for the novobiocin-sensitive CNS after 24 h of incubation did not discriminate between mecA -positive and mecA -negative strains. However, incubation for 42 h increased the MICs for the mecA -positive strains (^2.0 mg/L), allowing them to be clearly separated from mecA -negative strains at this time (^0.5 mg/L; Figure 2(b) ). mecA -positive and mecA -negative strains of novobiocin-resistant CNS were clearly separated after 24 h incubation (Figure 2(a) ).
Effect of induction of S. aureus
Two mecA -positive strains (MIC 4.0 mg/L) in addition to the six mentioned above (MIC 0.5-2.0 mg/L) and six of the mecA -negative strains (MIC 0.5-1.0 mg/L) were "Agar supplemented with 5% defibrinated horse blood. * ± log; dilution. Not determined. to tested after induction with oxacillin. The MICs recorded for the mecA-positive strains increased markedly after induction, while the MICs for the mecA -negative strains remained largely unaffected. Six of the eight induced mecA -positive strains showed increased MICs by two to six log: dilutions compared to MICs recorded for the uninduced strains after 24 h incubation. This increase was observed for all eight strains after 42 h incubation. MICs recorded for the induced and uninduced mecA -negative strains differed by < 1 dilution step. The resulting MICs after 42 h of incubation of induced strains were ^4mg/L for the mecA -positive, and <2mg/L for the mecA -negative strains. 
The E test: effect of temperature and supplementation of the agar
The E test was initially analysed using both unsupplemented PDM agar and agar supplemented with 5% defibrinated horse blood, with incubation at 30°C as well as 35°C. Incubation at 30°C resulted in significantly higher MICs (P = 0.009) and was applied henceforth. Addition of blood to the agar had different effects on the MICs for the various species. Significantly higher MICs were recorded for mecA-positive and mecA -negative strains of novobiocin-sensitive CNS using blood supplemented agar (P < 0.001), whereas significantly lower MICs were demonstrated for mecA -positive strains of S. aureus (P = 0.003). One mecA -positive out of nine novobiocin-resistant CNS yielded a lower MIC when grown on blood supplemented agar (8 vs 32 mg/L). Unsupplemented agar was used henceforth for S. aureus and novobiocin-resistant CNS, while agar supplemented with 5% horse blood was used for the novobiocin-sensitive CNS.
Distribution of MICs
With the E test, the degree of separation of mecA -positive and mecA -negative strains was related to group of species (Figure 3) . A separation of mecA -positive and mecA -negative strains by more than one logj dilution was obtained for novobiocin-resistant CNS after 24 h incubation (Figure 3(a) ).
A separation of mecA -positive and mecA -negative S. aureus (>4 and < 2.0 mg/L) and novobiocin-sensitive CNS (^1 and ^0.5 mg/L) was obtained after 42 h (Figure 
Effect of induction of S. aureus
The effect of oxacillin induction on the E test results was studied for the 14 strains of S. aureus mentioned above. The MICs recorded after 24 h clearly separated the mecA -positive (> 16 mg/L) and mecA -negative (< 2.0 mg/L) strains.
The E test versus the broth microdilution method
The differences between MICs obtained by the E test and the broth microdilution method were related to group of species and incubation time (Table III) . Significantly higher MICs were recorded for S. aureus by the E test than the broth microdilution method after 24 h (P < 0.001). The MICs recorded for the novobiocin-sensitive CNS after 24 and 42 h of incubation were significantly higher with the broth microdilution method than the E test (P < 0.001). Only MICs recorded for novobiocin-resistant CNS showed an agreement at ± 1 Iog2 dilution above 90%. Thornsberry, Caruthers & Baker (1973) reported large increases in MICs when the incubation temperature was lowered from 37 C to 35 C C. This increase was even larger when the incubation temperature was lowered to 30°C. The significantly higher MICs obtained in the present study when MIC trays and E tests were incubated at 30°C compared with 35°C confirm these results.
Discussion
Effect of incubation temperature
S. aureus
A low oxacillin MIC value does not necessarily imply the absence of the mecA gene. MICs <4 mg/L were recorded after 24 h for several mec A -positive strains of S. aureus, in particular when the broth microdilution method was used. Some reports in the literature have indicated a correlation between MICs and the presence of the mec A gene (Archer & Pennell, 1990; Huang et al., 1993) whereas others have indicated that mec A -positive strains cannot be separated from mec A -negative strains based on MICs obtained by the broth microdilution method (Murakami et al., 1991; Skulnick et al., 1992; Tokue et al., 1992; Ubukata et al., 1992) . It is possible that the low salt content (0.5% NaCl) of TSB, used in the present study, could cause a reduced expression of oxacillin resistance. However, Murakami et al. (1991) , Skulnick et al. (1992) and Tokue et al. (1992) showed results similar to those obtained in the present study using Mueller-Hinton broth containing 2% NaCl. It has also been confirmed that the outcome of MIC determinations depends not only on methodological factors, but also on multiple auxiliary (De Lencastre & Tomasz, 1994) and regulatory genes (Ryffel, Kayser & Berger-Bachi, 1992; Hackbarth & Chambers, 1993) . The influence of these genes may be revealed if strains are induced, i.e. grown in the presence of sub-inhibitory concentrations of a /?-lactam antibiotic. In the present study, the MICs obtained for the mecA -positive strains increased substantially after induction with oxacillin, while the MICs for mecA -negative strains remained more or less the same. The effect of induction was most pronounced with the E test, and a clear discrimination (>21og2 dilutions) between mecA -positive and mecA -negative strains was obtained after 24 h. The induced strains were also correctly categorised according to the oxacillin MIC breakpoints recommended by NCCLS (1990; S <2.0mg/L and R 5*4.0 mg/L). In contrast, the uninduced strains were not correctly categorised until after 42 h of incubation. The results obtained by the broth microdilution method showed this method to be unsuitable for the detection of oxacillin resistance in uninduced strains of iS. aureus.
Novobiocin-sensitive CNS
The novobiocin-sensitive CNS constitute a heterogeneous group of species. Intra-and inter-species differences in phenotypic expression of oxacillin resistance have been reported by several investigators (Fass et al., 1986; Ubukata et al., 1992; Olsson-Liljequist et al., 1993; Petersson & Miorner, 1995) . In the present report several mecA -positive strains gave rise to oxacillin MICs ^2.0 mg/L after 24 h of incubation. A low-level resistance indicating heterotypic expression of oxacillin resistance in novobiocin-sensitive CNS has been described previously (Archer & Pennell, 1990; Murakami et al., 1991; Ubukata et al., 1992; Olsson-Liljequist et al., 1993) . The use of a higher inoculum than normally recommended and incubation for 48 h have been suggested for these strains (Predari et al., 1991; Huang et al., 1993) . In the present study, a prolonged incubation (i.e. 42 h) of the MIC trays and E test agar plates increased discrimination between mecA -positive (5s 10 mg/L) and mecA -negative (< 0.5 mg/L) strains. However, the recommended oxacillin MIC breakpoints (NCCLS, 1990) were still not applicable. Only incubation for 42 h and application of appropriate species-or group-specific MIC breakpoints {S < 0.5 mg/L and R 5s 1.0 mg/L) will enable a correct identification of oxacillin-resistant novobiocin-sensitive CNS.
Novobiocin-resistant CNS
MICs obtained for novobiocin-resistant CNS by the two methods clearly discriminated between mecA -positive and mecA -negative strains. All strains could be correctly categorised using MIC breakpoints recommended by NCCLS (1990) . The range of MICs recorded for the mecA -negative strains were equivalent to MICs that have been described for borderline oxacillin-resistant strains of S. aureus (McDougal & Thornsberry, 1986) . Fass et al. (1986) reported oxacillin MICs for Staphylococcus saprophyticus identical to the MICs obtained in the present study. /?-Lactamase production as a cause of borderline oxacillin resistance in novobiocin-resistant CNS has so far not been verified by a iodometric method (Petersson et al., 1989) or through decreased penicillin G MICs using clavulanic acid as /?-lactamase inhibitor (Fass et al., 1986) . The novobiocin-resistant group of staphylococci clearly differs from other coagulase-negative species and should be regarded as a separate entity.
The influence of media
The differences between the three groups of staphylococcal species were also reflected in the phenotypic expression of oxacillin resistance when supplemented and unsupplemented media were used for the E test. Supplementation of PDM agar with 5% horse blood has been recommended for staphylococci (Olsson-Liljequist et al., 1993) . The addition of blood to PDM agar enhanced the growth, increased the MICs and improved the discrimination between mecA-positive and mecA-negative strains of novobiocin-sensitive CNS. However, significantly lower MICs were recorded for the mecA -positive strains of S. aureus grown on this media. The basal resistance level of S. aureus of the main low-level resistant population decreased between one and six log: dilutions. In addition, the frequency and phenotypic expression of high-level resistant cells was reduced. The reason for the observed decrease in MICs for 5. aureus grown on PDM agar supplemented with 5% horse blood is not known since similar results were obtained when 1% bovine serum albumin (BSA) was substituted in place of the 5% horse blood (data not shown). These results clearly show that species-related modifications of the E test have to be considered.
The E test versus the broth microdilution method
The poor discrimination of mecA -positive and mecA -negative strains of 5
1
. aureus and novobiocin-sensitive CNS with methicillin, indicated that methicillin is not a useful tool for separating these strains.
The differences in oxacillin MICs obtained by the two methods did not correlate with the separation of mecA -positive and mecA -negative strains. The MICs obtained for S. aureus after 42 h showed no significant difference between the two methods, however, a separation of the mecA -positive and mecA -negative strains was achieved by the E test. In contrast, significantly higher MICs were recorded for the novobiocin-sensitive CNS strains by the broth microdilution method, while the ability to separate mecA -positive and mecA -negative strains did not differ between the two methods. Novobiocin-resistant CNS were correctly identified by both methods.
In conclusion, for oxacillin MIC determination against staphylococcal species by the E test or the broth microdilution method a number of species-related properties must be considered, i.e. MIC breakpoints, induction, incubation time, and supplementation of agar.
